Constant particle number, density and temperature (N, ρ, T) Molecular-Dynamics simulations are used to study second layer promotion and melting in a complete monolayer of krypton deposited onto a graphite substrate. In order to study the vertical behavior of the system and its relationship to melting, artificial horizontal constraints are introduced and their effects are systematically monitored. We find that horizontally confining each atom within an impenetrable cylinder increases the melting temperature T m and causes melting to be less dramatic. The results also suggest that there is a limiting case of there being no transition for a sufficiently small confining cylinder. Vertical excursions of the adsorbate atoms increase at the onset of melting. The system subsequently goes through a vertical transition with increasing temperature, including second layer promotion followed by extinction of the partial second layer and the presence of a sparsely populated first layer and a large population of desorbed atoms. Horizontal confinement stifles true second layer promotion, causing the atoms to spend less time in the second layer at a given temperature and resulting in a thermal blurring of the adlayer, suggesting that in-plane fluctuations are a necessary part of the layer promotion mechanism. Horizontal confinement also raises the temperature where the vertical transition occurs but does not affect its sharpness or temperature extent.
INTRODUCTION
The behavior of krypton physisorbed onto a graphite substrate has been mapped out over the last twenty years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , resulting in a rich and interesting landscape of commensurate phases, sub-monolayer islands, complicated domain wall structures, solid-solid and solid-liquid phase transitions and even a re-entrant fluid. In fact, the general topic of two-dimensional (2D) and quasi-2D melting is still of scientific importance.
As the accessibility to an increasing variety of nanosystems grows, adsorption of species such as krypton and other gases in confined and exotic geometries becomes realizable.
There exists a vast body of work regarding the adsorption of rare gases onto pores, which illustrates that confining geometries can strongly influence the physical behavior of an adsorbed system. As a recent example, Monte Carlo computer simulations modeling adsorption of argon (Ar) at 90K in graphite pores of different shapes have been conducted [17] . There seems to be little hysteresis present in the condensation in a square-walled pore but the vertical hysteresis steps become more separated as pore width increases. The pore corners are very attractive adsorption sites and the walls are weaker; the adsorbing surface is effectively heterogeneous. The behavior of the system in the corners is very much like that of onedimensional systems.
Although there has been significant interest and effort in understanding the behavior of systems physisorbed onto spherical substrates [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , systems adsorbed onto Fullerenes [28] [29] [30] [31] [32] [33] [34] and even Fullerenes and their interactions [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , We have investigated the behavior of argon/krypton mixtures adsorbed between two confining planes of graphite [51, 52] . We found high-temperature solid phases for both argon and krypton layers partly because the adsorbate is forced into a region where the lateral corrugation from the graphite is very strong. In addition the melting temperature T m may be controlled quite precisely by only the slab separation and partly as a competition between vertical confinement (raising T m ) and the creation of in-plane room by augmentation of vertical fluctuations and ultimately coaxing of atoms away from one layer by another. As a result the melting temperature depends strongly on the plane spacing in a certain range. In addition, due to the different properties of argon and krypton, we observe almost pure component extraction for certain temperatures and slab spacings. In addition, argon monolayers are forced into commensurate and rotated phases, the former of which could be accessible over a wide temperature range.
there has been relatively little effort placed on understanding structural and thermodynamic phase transitions of species adsorbed in confined geometries. There is a report of interesting molecular dynamics simulations of the melting transition of r -12 repulsive particles on the surface of spheres [47] . The study focuses mainly on the order of the transition; the system is strictly 2D with no radial degree of freedom, and it examines various densities with 72, 122 and 272 particles. Spherical geometry requires that lattice defects be present in the solid, but the authors conclude that such a thing could work in favor of simulations on spheres and give results closer to the thermodynamic limit for much smaller systems than in planar studies because the system's relaxation is enhanced.
No hysteresis loops in density through melting are observed, and the correlation length as obtained from the structure factor shows a density dependence which is concluded to be consistent with a well-known two-stage melting theory.
A continuous melting transition is reported, but the system is too small to exhibit a hexatic phase.
The authors believe that a hexatic phase may be seen for larger systems, and furthermore that the first-order transitions reported in planar computer simulations is completely artificial.
Clearly, confinement of adsorbed species can result in system-specific, surprising and potentially useful results. The effects of many types of confinement on the behavior of adsorbed systems have been studied, and the purpose of this work is to extend the current body of knowledge by examining krypton monolayers that are deposited onto a graphite substrate where each atom is confined horizontally by a hard cylindrical wall.
Although the type of confinement chosen in this work does not have a direct physical analogue, it does exhibit the symmetry, scale and long-range limit that real confinement (such as an array of nanotubes) would impose, and is therefore physically meaningful. The point of the study at hand is not to model a new system but to examine the effect of selective constraints on the model of a real system, and to show what can be gained by such an effort. The study at hand is motivated by a desire to better understand the behavior of out-of-plane (vertical) atomic fluctuations with differing temperature as well as their role in phase transitions. In addition we hope to better understand any anisotropic character of the systems behavior, where its vertical character is markedly different from its in-plane character. The type of confinement used here provides
There are some recent and very interesting reports of computer simulations of the phases accessible to various gases placed inside [48] and adsorbed onto [49, 50] nanotube bundles. Smaller species become adsorbed within the pores and are able to exhibit order-disorder quasi-one dimensional transitions. Atoms or molecules adsorbed on the bundle exterior may, depending upon thermodynamic conditions, exist in a quasi-one dimensional "striped" phase, a quasi-two-dimensional "monolayer film" or a three-dimensional "bulk film" phase [49] . Subsequent studies of argon and krypton as well as neon, xenon and methane on nanotube bundles [50] also show that the low-pressure phase for the system is a quasi-one-dimensional phase existing within the grooves between nanotubes which can become a more complicated "three stripe" phase depending on the species followed by quasi-twodimensional and three-dimensional phases with increasing pressure. considerable insight into the relationship of in-plane and out-of-plane dynamics for physisorbed systems, and into the mechanism of layer promotion.
II. COMPUTATIONAL APPROACH
The method utilized in this study is a constant particle number, planar density and temperature (N, ρ, T) Molecular-Dynamics (MD) method with free boundary conditions in the vertical direction and periodic boundary conditions in the (x, y) plane. The computational cell is constructed such that the adlayer is complete (ρ = 1 in units of 0.0636 atoms per square Angstrom) for N=400. The atoms are initially placed at registered 3 3 30 o X R positions in the (x, y) plane, each one inside its individual confining cylinder of radius R centered at each registry position. Furthermore, each atom is placed close to its vertical equilibrium height. A standard Verlet algorithm is used to integrate the equations of motion and the temperature is held constant by velocity rescaling. Typical runs are equilibrated for 10 4 time steps and averages taken over 6x10 4 -10 5 steps using an interval ∆ t = 4 femtoseconds (fs).
A central component of the experiment is the horizontal confinement of the krypton through krypton-cylinder interactions. The type of confinement which is applicable to all of the results presented here is "hard confinement". Here, cylinders of radius R are placed around every atom and are centered around the atoms' initial registry points. Simulations are conducted with R = 1, 1.25, 1.5, 1.75 and 2 Å, as well as for R = ∞ (the unconfined case). R > 2 Å is not utilized because in such a case there would be overlap which is inconsistent even within the context of the simulation; the hard walls would be perfectly permeable for some atoms and perfectly reflecting for others. As the simulation proceeds, an atom's velocity is reflected when its center of mass hits the cylindrical wall, and it is re-positioned if it is slightly outside the cylinder.
There are two other interactions which are important in the simulations: krypton-krypton and krypton-substrate. We employ a three-dimensional orthogonal Cartesian co-ordinate system, with the xaxis in the Γ-K direction of the graphite lattice and the z-axis (the vertical coordinate) perpendicular to the graphite basal plane. The krypton-krypton potential is of the Aziz form, ] [ 
and details are given elsewhere [53] . In equation (1) x ij =r ij /r m where r ij denotes the center-of-mass distances between Krypton atoms (i) and (j)), V ij (x ij ) = ε Kr V* ij (x ij ) and the function F(x ij ) is given by
Equation 2 describes screening of the dispersion term of the potential. Table 1 contains the potential parameters (ε Kr , r m , B, α, γ, C 6 , C 8 , C 10 , D) for Krypton.
The Krypton-Graphite interactions were calculated using Steele's Fourier expansion: 
The series in equation (3) utilizing the terms shown in equations (4) and (5) 
is retained. All the important potential parameters for krypton-graphite interactions are identified in Table 1 . Table 1 . Kr-Kr and Kr-graphite potential parameters from reference [53] .
III.
RESULTS AND DISCUSSION a. In-Plane Behavior (Melting)
As temperature increases in the solid phase, the first transition exhibited by the system is melting; several structural and energetic quantities are useful in delineating such a transition. So for commensurate systems such as Kr on graphite, the order parameters OP1 and OP2 defined in equations (7) and (8) are excellent indicators of translational order and how that order changes through melting. The parameters OP1 and OP2 are shown as functions of temperature for various confining radii in Figure 1 . In addition the thermal average 〈E 1 f 1 〉 of the Steele corrugation term in the krypton-graphite potential (referred to as 〈E 1 〉) is a reliable indicator of registry as well as melting.
In a zero-temperature commensurate lattice, 〈E 1 〉 is equal to about 40 K but its value decreases with increasing thermal fluctuations, approaching zero for uniform or random sampling of the (x, y) plane. Calculated values of 〈E 1 〉 are shown as functions of temperature for various confining radii in Figure 2 . It is apparent that confinement causes the melting temperature to increase and the transition itself to become less dramatic. It is interesting to note that for smaller values of R the value of the order parameters and 〈E 1 〉 do not go to zero at high temperatures, indicating the presence of a registered fluid.
In conjunction with the behavior of the melting temperature T m with decreasing R shown in Table 2 , it seems that the melting transition approaches some maximum value where the solid and fluid lose their distinction.
In most melting studies, OP1 and OP2 yield identical results, which is to say that translational order with respect to the substrate is lost along with the translational order of the lattice itself. It is noteworthy that, under horizontal confinement, the values of OP2 for R = 1.75Å and 2 Å are systematically higher than zero while the corresponding values of OP1 vanish within the calculated uncertainty. Such results are suggestive that there is some degree of cooperative krypton-krypton motion present, due to the horizontal confinement. Table 2 . Melting temperature T m , range in temperature ∆T z over which the vertical character of the systems most rapidly change and the temperature T shoulder at which the atomic height distributions in Figures 3-6 show a maximum shoulder near where a second layer would appear. The unconfined system actually does support a partial second layer. Uncertainties in T m range from about ± 10 K at R = 1 Å to ± 3 K at R = ∞. Entries with asterisks (*) are for values of R not shown in Figures 3-6. vertical motion of the system. Lastly, the thermal average of the total internal energy U per atom is given by
and is a standard and useful parameter in monitoring phase transitions because it depends on the system's' total configurational energy as well as its temperature. Because we utilize MD, which is force-driven, we do not include continuum corrections in our calculations.
〈U Kr-Kr 〉, 〈E 0 〉 and 〈U〉 are shown as functions of temperature for various confining radii in figure 3 , and it is apparent that there is a temperature region where they change most rapidly, suggesting a phase transition. Since the krypton-krypton energy per particle exhibits the same signature as the other two quantities, collective motion involving migration of the monolayer is ruled out. The approximate temperature ranges ∆T z of the most rapid changes of 〈U Kr-Kr 〉, 〈E 0 〉 and 〈U〉 are shown in Table 2 , and inspection of T m and ∆T z reveals that melting and the onset of increasing vertical fluctuations happen at the same temperatures. It is interesting to note how horizontal confinement affects the vertical behavior of the system. The sharpness and temperature duration of the transition are nearly unaffected, but the temperature location increases with decreasing confining cylinder radius R.
Such a result suggests that the coupling of vertical and horizontal fluctuations plays a significant role in the dynamics of adsorbed systems. The atomic height distributions P(z i ) provide structural information about the vertical behavior of the system and place the thermodynamic results in broader context. The height distribution is constructed by calculating the frequency of occurrence of the height of each atom (i). Height distributions at various temperatures for R = 1 Å, 1.5 Å, 2 Å and ∞ are shown in Figures  4-7, respectively. An interesting feature common to systems for all confining radii is that, starting in the solid phase, the Figure 5 . Atomic height distributions P(z i ) at various temperatures ranging from T=150 K to 250 K (top) and T = 250 K to 400 K (bottom) for a confining radius R = 1.5 Å. The format is the same as in Figure 4 except that T shoulder = 250 K. distribution begins to lift where a second layer's height would be, indicating a larger population of atoms at that height. The degree of lifting increases up to a certain temperature designated as T shoulder where there is maximum lifting and a "shoulder" appears on the distributions. For strongly confined monolayers there is almost no true shoulder and for unconfined systems the "shoulder" is actually a second peak, suggesting that unconfined systems support second layer promotion but confining the system stifles the separation of the second layer from the first because the adsorbate spends less time in promotion. Hence, increased confinement causes a temperature-induced blurring of the adlayer as opposed to true second layering. Subsequently, as temperature increases the shoulder (as well as the prominent monolayer peak) drops and the tail of the distribution (the distribution for heights greater than where the second layer is) lifts from zero, suggesting that the second layer is extinguished in favor of a low density first layer and a considerable population of desorbed atoms. Inspection of the values of T shoulder shown in Table 2 shows that maximum second layer promotion occurs after melting and well within the range of the vertical transition. In fact, inspection of figure 3 confirms that T shoulder coincides with the most rapid change in thermodynamic parameters sensitive to vertical fluctuation. Hence a picture emerges where the monolayer melts, then undergoes a transition in vertical character which involves second layer promotion, followed by extinction of the second layer ultimately resulting in a sparsely populated first layer and frequent desorption.
As a final remark, it should be remembered that our model is a classical one and as a result any quantum effects from confinement are not included. Although the results presented here for the smallest values of R help establish trends and aid in the understanding of the system dynamics, any realistic model of the system in such a strongly confined regime should incorporate quantum effects which may be nonnegligible. In addition, experimental work related to our calculations would be highly beneficial and desirable. It may be possible to approximate our hard cylinder confinement with a pore system capped by a graphite substrate or perhaps with some carefully designed nanostructure ii. The melting temperature T m reaches a constant value with pronounced confinement and behavior of the order parameters suggests that the solid and fluid would lose their distinction as R decreases past a certain value.
iii. There appears to be vertical transition exhibited by the monolayers which begins with melting and lasts for about 100K. It involves second layer promotion followed by extinction of the second layer and subsequently a sparsely populated first layer and many desorbed atoms. iv. Pronounced horizontal confinement raises the temperature at which the vertical transitions take place but does not affect either its temperature extent or its sharpness. v. The nature of second layer promotion is affected by horizontal confinement. Pronounced confinement causes the adsorbate atoms to spend less time in true second layer promotion in favor of briefer excursions resulting in thermal blurring of the adlayer. vi. Using constraints which have no exact physical analogue can lend considerable insight into understanding the dynamics and phase transitions of real systems.
